Despite their ubiquity and functional importance, microsatellites have been largely ignored in comparative genomics, mostly due to the lack of genomic information. In the current study, microsatellite distribution was characterized and compared in the whole genomes and both the coding and non-coding DNA sequences of the sequenced Brassica, Arabidopsis and other angiosperm species to investigate their evolutionary dynamics in plants. The variation in the microsatellite frequencies of these angiosperm species was much smaller than those for their microsatellite numbers and genome sizes, suggesting that microsatellite frequency may be relatively stable in plants. The microsatellite frequencies of these angiosperm species were significantly negatively correlated with both their genome sizes and transposable elements contents. The pattern of microsatellite distribution may differ according to the different genomic regions (such as coding and non-coding sequences). The observed differences in many important microsatellite characteristics (especially the distribution with respect to motif length, type and repeat number) of these angiosperm species were generally accordant with their phylogenetic distance, which suggested that the evolutionary dynamics of microsatellite distribution may be generally consistent with plant divergence/evolution. Importantly, by comparing these microsatellite characteristics (especially the distribution with respect to motif type) the angiosperm species (aside from a few species) all clustered into two obviously different groups that were largely represented by monocots and dicots, suggesting a complex and generally dichotomous evolutionary pattern of microsatellite distribution in angiosperms. Polyploidy may lead to a slight increase in microsatellite frequency in the coding sequences and a significant decrease in microsatellite frequency in the whole genome/non-coding sequences, but have little effect on the microsatellite distribution with respect to motif length, type and repeat number. Interestingly, several microsatellite characteristics seemed to be constant in plant evolution, which can be well explained by the general biological rules.
Introduction
Microsatellites, which are also known as simple sequence repeats (SSRs), variable numbers of tandem repeats (VNTRs) and short tandem repeats (STRs, often defined as 1-6 bp), have been found in virtually all genomic regions (genic and non-genic regions) of all examined organisms [1, 2, 3] . Microsatellites are unstable genomic elements that have historically been designated as nonfunctional ''junk DNA'' and are mainly used as ''neutral'' genetic markers [3] . Recently, a large number of studies have shown that microsatellites can play many important biological functions (e.g., regulation of chromatin organization, DNA metabolic processes, gene activity and RNA structure) that are determined by their locations, and mutations in microsatellites may lead to functional variability [1, 4, 5] and ultimately phenotypic flexibility/plasticity for adaptation and evolution [2, 6, 7] . Therefore, microsatellites have emerged as the third major class of genetic variations [2] , alongside single nucleotide polymorphisms (SNPs) and copy number variations (CNVs).
Despite their ubiquity and functional importance, microsatellites have largely been ignored in comparative genomics [2] , and their evolutionary dynamics are poorly understood. Although several microsatellite distribution characteristics have been investigated in several sequenced plant species [8, 9, 10, 11] , no definitive conclusions have been made. First, the software, algorithms and search parameters [12] used for the identification of microsatellites have differed across reports [13] , which has made it difficult to compare and integrate these results. In addition, the physical positions of microsatellites were not analyzed in these previous studies, and the genomic distributions of microsatellites have been poorly characterized. More importantly, due to the lack of genomic information, a small number of plant species were analyzed in each of these previous reports [14, 15] , and the evolutionary dynamics of microsatellite distribution in plants have therefore not yet been investigated.
Owing to the rapid development of high-throughput sequencing technology, the genomes of Brassica rapa [16] , Brassica oleracea (data submitted) and Brassica napus (http://oilcrops.info:8080/; our unpublished data) have recently been sequenced by our own and several other institutes. Up to the present, the genome sequences of approximately 40 plant species (mainly angiosperms) are available in public databases (http://www.phytozome.net; http:// genomevolution.org/wiki/index.php/Sequenced_plant_genomes). Polyploidy has played a major role in the evolution of many eukaryotes [17] and approximately 70% of all angiosperms have experienced one or more episodes of polyploidy [18] . Of these sequenced plant species, the five Brassicaceae family species represent classical examples of polyploidy: the allotetraploid species B. napus (AACC, 2n = 38) originated from a chromosome doubling event after the recent (, 0.01 MYA) natural hybridization between two diploid species B. rapa (AA, 2n = 20) and B. oleracea (CC, 2n = 18) [19] , which both originated after a whole-genome triplication event from a common ancestor with a basic genome similar to that of Arabidopsis thaliana and Arabidopsis lyrata [20, 21] . Specifically, B. rapa and B. oleracea diverged approximately 5 MYA, A. thaliana and A. lyrata diverged approximately 10 MYA, and the Arabidopsis and Brassica genera diverged approximately 20 MYA [20, 21] . Dicots diverged from a common ancestor with monocots approximately 200 MYA [22] . Therefore, genomic changes associated with polyploidy and evolution can be investigated using comparative genomics between B. napus, B. rapa/B. oleracea, A. thaliana/A. lyrata and other sequenced angiosperm species [23, 24] .
In the current study, microsatellite distribution was characterized in the whole genomes and both the coding and non-coding DNA sequences of recently sequenced Brassica species and compared to the closely related Arabidopsis and other sequenced angiosperm species to study their evolutionary dynamics in plants.
Results

Frequency of Microsatellites in Sequenced Brassica and Other Angiosperm Species
A total of 7, 974,520 microsatellites were identified in 18,503.1 Mb of assembled genomic sequences (CDSs+non-CDSs) from the sequenced Brassica and other angiosperm species (Table 1) , which belong to two classes, thirteen orders, sixteen families and thirty-one genera ( Figure 1 ). The variation in the microsatellite frequencies (3.7-fold) of these angiosperm species was much smaller than those for their microsatellite numbers (9.5-fold) and genome sizes (17.3-fold) . Interestingly, the angiosperm species with large genome sizes (such as Zea mays and Panicum virgatum) and/or high transposable elements (TEs) contents (such as Zea mays and Sorghum bicolor) generally have a low or moderate microsatellite frequency, which was consistent with the significantly negative correlations between microsatellite frequencies and both genome sizes and TEs contents of these angiosperm species (r = 20.47 and 20.64, respectively).
The microsatellite frequencies of the species within the same genus (such as Brassica) were generally comparable for the whole genome/non-coding sequences and similar for the coding sequences ( Figure 2 ). However, when comparisons were conducted between species over a large phylogenetic distance, the differences in microsatellite frequencies usually became more pronounced for the whole genomes and both the coding and non-coding sequences. For example, the difference between the average microsatellite frequencies of the species of the Monocotyledoneae and Dicotyledoneae classes was significant for the whole genome and both the coding and non-coding sequences, whereas those differences between the Brassica and Arabidopsis genera and between the Brassicales and Fabales orders were significant only for the coding sequences (Table 2 ). In addition, the differences between the average microsatellite frequencies in the whole genomes and both the coding and non-coding sequences of the species of the Monocotyledoneae and Dicotyledoneae classes were all greater than those between the Brassicales and Fabales orders and were also greater than those between the Brassica and Arabidopsis genera.
Typically, compared to the Monocotyledoneae species, the average microsatellite frequency of the Dicotyledoneae species was significantly higher for the whole genome and the non-coding sequences (ratio = 1.41 and 1.58) but much lower for the coding sequences (ratio = 0.47).
Significant difference was also observed between the frequencies of microsatellites in the coding and non-coding sequences of the angiosperm species (P t-test = 1.4E 211 ). Compared to the noncoding sequences, microsatellite frequency in the coding sequences was not significantly higher for all the Monocotyledoneae species (mean ratio = 1.35; P t-test = 0.12) but significantly lower for all the Dicotyledoneae species (mean ratio = 0.40; P t-test = 7.2E 215 ). In addition, the microsatellite frequencies in the coding and noncoding sequences were highly positively correlated for the Monocotyledoneae species (r = 0.80) but not significantly correlated for the Dicotyledoneae species (r = 0.00).
Distribution of Microsatellites with Respect to Motif Length in Sequenced Brassica and Other Angiosperm Species
The distributions of microsatellites with respect to motif length, i.e., the relative abundances of mono-to hexanucleotide repeat microsatellites, of the species within the same genus (such as Brassica) were generally very similar for the whole genome and non-coding sequences and almost identical for the coding sequences ( Figure 3 ). However, in accordance with the general trend for the correlation of the abundance of the corresponding mono-to hexanucleotide repeats among these angiosperm species (i.e., the further the phylogenetic distance, the smaller the correlation coefficients; Table S1A-B), the differences in these variables generally became larger as the phylogenetic distance increased, for the coding sequences and especially the non-coding sequences and the whole genome (Table 3) . For example, in the whole genome, the coding sequences and the non-coding sequences, the numbers (1, 0 and 2, respectively) of the types of microsatellite repeats (from mono-to hexanucleotide) that displayed significantly different abundances between the species of the Brassica and Arabidopsis genera were all less than those (3, 4 and 3, respectively) between the Brassicales and Fabales orders and were also less than those (5, 4 and 4, respectively) between the Monocotyledoneae and Dicotyledoneae classes. In addition, the differences between the average abundances of the individual mono-to hexanucleotide repeats in the whole genome, the coding and noncoding sequences of the species of the Brassica and Arabidopsis genera were usually smaller than those between the Brassicales and Fabales orders and were also smaller than those between the Monocotyledoneae and Dicotyledoneae classes.
Typically, the distribution of microsatellites with respect to motif length of the Monocotyledoneae and Dicotyledoneae (except for Linum usitatissimum) species (Figure 3 ) was clearly different for the whole genome and the non-coding sequences but generally similar for the coding sequences (Table S1A-B). In the whole genome and non-coding sequences: for the Monocotyledoneae species, tri-or tetranucleotide repeats were the most abundant and were followed in abundance by dinucleotide repeats, whereas penta-, mono-and hexanucleotide repeats were relatively uncommon; whereas, for the Dicotyledoneae species (except for Linum usitatissimum), mono-, di-, tri-and tetranucleotide repeats displayed comparable and relatively high proportions, whereas penta-and hexanucleotide repeats showed relatively low proportions (Figure 3 ). In the coding sequences: for both the Monocotyledoneae and Dicotyledoneae species, trinucleotide repeats were dominant and were followed in abundance by the hexa-and tetranucleotide repeats, whereas the di-, penta-and mononucleotide repeats were not commonly identified ( Figure 3 ). Compare to the Monocotyledoneae species, the average abundance of microsatellites in the Dicotyledoneae species was significantly lower for the tri-, tetra-and hexanucleotide repeats in the whole genome, for the tri-and tetranucleotide repeats in the non-coding sequences and for the trinucleotide repeats in the coding sequences, but was significantly higher for the mono-and dinucleotide repeats in the whole genome/noncoding sequences and for the mono-, di-and tetranucleotide repeats in the coding sequences (Table 3) . Great differences were found between the distributions of microsatellites with respect to motif length in the coding and noncoding sequences of all the angiosperm species ( Figure 3 ). Compared to the non-coding sequences, the average abundance of microsatellites in the coding sequences of all the angiosperm species was significantly higher for the tri-and hexanucleotide repeats but significantly lower for the mono-, di-, tetra-and pentanucleotide repeats (Table S1C ). In addition, the correlations between the abundance of the mono-to hexanucleotide repeats in the coding and non-coding sequences of the angiosperm species were all not significant (mean r = 0.58 and 0.10 for the Monocotyledoneae and Dicotyledoneae species, respectively; Table S1D ).
Distribution of Microsatellites with Respect to Motif Type in Sequenced Brassica and Other Angiosperm Species
The distributions of microsatellites with respect to motif type, i.e., the relative abundances of the mono-to hexanucleotide motifs, of the species within the same genus (such as Brassica) were highly similar for the whole genome and the non-coding sequences However, in accordance with the general trend (i.e., the further the phylogenetic distance, the smaller the correlation coefficients) for the correlation of the corresponding abundance of all the mono-to hexanucleotide motifs among these angiosperm species (Table S2A -B), the differences in these variables generally increased as the phylogenetic distance increased, for the coding sequences and especially the non-coding sequences and the whole genome (Table S2C ). For example, in the whole genomes, the coding sequences and the non-coding sequences, the numbers (62, 34 and 52, respectively) of the types of microsatellite motifs that displayed significantly different abundances between the species of the Brassica and Arabidopsis genera were all less than those (97, 51 and 71, respectively) between the Brassicales and Fabales orders and were also less than those (239, 282 and 239, respectively) between the Monocotyledoneae and Dicotyledoneae classes. In addition, the differences between the average abundances of the corresponding motifs in the whole genomes, the coding sequences, and the noncoding sequences of the species of the Brassica and Arabidopsis genera were usually smaller than those between the Brassicales and Fabales orders and were also smaller than those between the Monocotyledoneae and Dicotyledoneae classes.
Typically, in the whole genome and both the coding and noncoding sequences, the distribution of microsatellites with respect to motif type of the Monocotyledoneae and Dicotyledoneae species were clearly different ( Figure 4 ). Compared to the Monocotyledoneae species, the average abundance of microsatellites in the whole genome/non-coding sequences and the coding sequences of the Dicotyledoneae species was significantly lower mostly and all for C/ G-rich motifs but significantly higher mostly and more frequently for A/T-rich motifs, respectively (Table S2C) , which corresponds the higher C/G contents in the sequenced Monocotyledoneae than Dicotyledoneae species (mean ratio = 1.28, 1.31 and 1.22 for whole genome, the non-coding sequences and the coding sequences, respectively; Table 1 ). Especially, both the dominant/major and absent/scarce motifs in the whole genome and both the coding and non-coding sequences of the Monocotyledoneae and Dicotyledoneae species were obviously different (Table 4 ). In the whole genome and non-coding sequences: for the Monocotyledoneae species, the dominant/major motifs were more frequently rich in A/T than C/G, and the absent/scarce motifs were basically equally rich in A/T and C/G (Table 4) , which corresponds to their slightly higher A/T (mean = 54.2% and 55.1%) than C/G (mean = 45.8% and 44.9%,) content (Table 1) ; whereas, for the Dicotyledoneae species, the dominant/major motifs were all rich in A/T, and the absent/ scarce motifs were all rich in C/G (Table 4) , which corresponds to their much higher A/T (mean = 54.2% and 55.1%) than C/G (mean = 35.8% and 34.2%) content (Table 1 ). In the coding sequences: for the Monocotyledoneae species, the dominant/major motifs were all rich in C/G, and the absent/scarce motifs were all rich in A/T (Table 4) , which corresponds to their slightly lower A/ T (mean = 45.7%) than C/G (mean = 54.3%) content (Table 1) ; for the Dicotyledoneae species, the dominant/major motifs were mostly rich in A/T, and the absent/scarce motifs were more frequently rich in C/G than A/T (Table 4) , which corresponds to their higher A/T (mean = 55.6%) than C/G (mean = 44.4%) content (Table 1) .
Obvious differences were found between the distribution of microsatellites with respect to motif type in the coding and noncoding sequences of all the angiosperm species (Figure 4) . Compare to the non-coding sequences, the average abundance of microsatellites in the coding sequences of all the angiosperm species was significantly higher mostly for C/G-rich motifs but significantly lower mostly for A/T-rich motifs (Table S2D) , which corresponds to their higher C/G content in the coding (46.3%) than non-coding (36.0%) sequences (Table 1 ). In addition, the correlations between the relative abundance of all the corresponding mono-to hexanucleotide motifs in the coding and non-coding sequences of the angiosperm species were generally moderate (mean r = 0.54 and 0.25 for the Monocotyledoneae and Dicotyledoneae species, respectively; Table S2E ).
Distribution of Microsatellites with Respect to Motif Repeat Number in Sequenced Brassica and Other Angiosperm Species
The distributions of microsatellites with respect to motif repeat number, i.e., the relative abundances of microsatellites of different motif repeat numbers, in the whole genomes, the non-coding sequences and especially in the coding sequences of the species of the same class (such as Monocotyledoneae or Dicotyledoneae) were almost identical ( Figure 5 ). Whereas, in accordance with the relatively weak correlations between the abundance of microsatellites of the corresponding motif repeat numbers of the Monocotyledoneae and Dicotyledoneae species (Table S3A -B), the differences in these variables in the coding sequences and especially in whole genome and the non-coding sequences of the two classes were generally significant (Table 5; Table S3C ). Compared to the Monocotyledoneae species, the average abundance of microsatellites of the Dicotyledoneae species was significantly lower for the 3-5 and 5 times of motif repeat but higher for .7 and .8 times of motif repeat, respectively, for the whole genome/noncoding sequences and the coding sequences.
In the whole genomes and both the coding and non-coding sequences of all the angiosperm species, the abundance of microsatellites decreased significantly as the motif repeat number increased, for all mono to hexanucleotide repeats (Table S3D) .
It should also be noted that the distribution of microsatellites with respect to motif repeat number in the coding and non-coding sequences of all the angiosperm species showed great difference ( Figure 5 ). Compared to the non-coding sequences, the average abundance of microsatellites in the coding sequences of all the angiosperm species was significantly higher for the 4-5 times of motif repeat but lower for the 3 and .6 times of motif repeat (Table S3E ). In addition, the correlations between the abundance of microsatellites of the corresponding motif repeat numbers in the coding and non-coding sequences of the angiosperm species were generally moderate (mean r = 0.71 and 0.59 for the Monocotyledoneae and Dicotyledoneae species, respectively; Table S3F ).
Genomic Distribution of Microsatellites in Sequenced Brassica and Other Angiosperm Species
The genomic distribution of microsatellites and its relationship with annotated genomic components (mainly genes and TEs) were analyzed for ten angiosperm species (Figure 6 ) because of the availability of the assembled pseudochromosomes (http://www. phytozome.net; http://genomevolution.org/wiki/index.php/ Sequenced_plant_genomes).
The average frequencies of microsatellites on the different chromosomes of the ten angiosperm species might be very similar (A. thaliana and Z. mays), generally comparable (B. oleracea, V. vinifera, B. rapa, B. distachyon, O. sativa, G. max and S. bicolor), or significantly different (M. truncatula). Obviously, the genomic distribution of microsatellites was highly uneven (Figure 6 ), which was consistent with the high significance of P-value of x 2 tests between their practical and hypothetical/average frequencies in the 1-Mb genomic intervals (Table 6 ). Typically, the frequency of microsatellite was high at the ends but low in/near the middle of all the chromosomes of the ten angiosperm species ( Figure 6 ). Interestingly, the general trend of the genomic distribution of microsatellites was basically accordant with that of genes but contrary with that of TEs in all the chromosomes of the ten analyzed angiosperm species (Figure 6 ), which was consistent with the significantly positive or negative correlation between the frequencies of microsatellites and genes (mean r = 0.76) or TEs (mean r = 20.68) respectively, in the 1-Mb genomic intervals studied (Table 6 ).
Discussion
Different Patterns of Microsatellite Distribution in Different Genomic Regions
Consistent with the generally low correlation for the microsatellite frequency or distribution with respect to motif length, type and repeat number in the coding and non-coding sequences (Table S1 -3), these microsatellite characteristics of the angiosperm species displayed considerable differences between the two regions (Figure 2-5) . Typically, these microsatellite characteristics were more conservative in the coding than non-coding sequences, especially for closely related species. In addition, these microsatellite characteristics of the angiosperm species also displayed significant differences according to genic region (e.g., untranslated regions, CDS and introns) (manuscript in preparation). More importantly, the physical distribution of microsatellites in different genomic regions (such as ends and middles of the chromosomes) was also highly nonuniform ( Figure 6 ). In fact, similar results were also found in other studies that investigated the microsatellite frequency and distribution with respect to motif length and type in the different genomic/genic regions of several model and crop species [8, 9, 10, 14, 25] . These results strongly indicated that different patterns of microsatellite distribution across genomic regions exist and may be due to the different selective pressures acting on the microsatellites in different genomic regions [2, 4] owing to their different biological functions [1] .
Evolutionary Dynamics of Microsatellite Distribution in Polyploidy
The average frequency of microsatellites in the coding sequences of A. thaliana and A. lyrata was significantly lower than that of B. rapa and B. oleracea, and both were also slightly lower than that of B. napus (Table 1-2) . This was consistent with previous findings: the frequencies of microsatellites in the transcribed sequences/unigenes of A. thaliana, B. rapa and B. oleracea were lower than that of B. napus [14, 26] ; the duplicated genes in Arabidopsis typically contained a higher frequency of microsatellites [10] . These results strongly suggested that polyploidy may lead to the slight increase in the frequency of microsatellites in the coding sequences, which may be advantageous for evolution because microsatellites in coding sequences can be directly linked to gene function, providing a basis for quick adaptations to environmental changes [1, 4, 27] . Whereas, the average frequency of microsatellites in the whole genome/non-coding sequences of A. thaliana and A. lyrata species was slightly greater than that of B. rapa and B. oleracea (this difference was much larger when the frequencies were calculated from the true total genome sizes of the four species, data not shown), and both were also greater than that of B. napus (Table 1-2) . This suggested that polyploidy may lead to the significant decrease in the frequency of microsatellites in the whole genome/non-coding sequences, which corresponds to the negative correlation between microsatellite frequency and both genome/ non-coding sequences size and TEs content observed in this and other studies [8, 25] . This result is reasonable as polyploidy is often accompanied by the proliferation [28, 29, 30, 31] of TEs (which rarely contain microsatellites [25] and show a tendency to insert into some microsatellites, such as AT-rich repeats [32, 33] ), the loss [20, 34, 35, 36, 37, 38] of genes (those are rich in microsatellites [25] ), and the direct elimination [39, 40, 41, 42, 43, 44] of some microsatellites; these genomic changes can thus lead to a significant decrease in the frequency of microsatellites.
The distributions of microsatellites with respect to motif length, type and repeat number in the whole genome and the non-coding sequences and specifically within the coding sequences of B. napus were virtually identical to that of B. rapa/B. oleracea, and both were also highly similar to that of A. thaliana/A. lyrata (Figure 3-5) , which was consistent with the high correlation coefficients between these variables (Table S1-3). This indicated that polyploidy, especially Table 3 . Comparison of the abundance of the individual mono-to hexanucleotide repeat microsatellites in the whole genomes and both the coding and non-coding DNA sequences of the sequenced Brassica and other angiosperm species. that involving recently occurring genome-duplication events (e.g., represented by B. napus vs. B. rapa/B. oleracea), may not lead to a significant change in the distribution of microsatellite with respect to motif length, type and repeat number. It should be noted that the correlation coefficients between these variables of B. napus and B. rapa/B. oleracea were slightly higher than those between B. rapa/ B. oleracea and A. thaliana/A. lyrata (Table S1-3) , which corresponds to the divergence time of these species (i.e., the divergence time between B. napus and B. rapa/B. oleracea is later than that between B. rapa/B. oleracea and A. thaliana/A. lyrata). Table 4 . The dominant/major and absent/scarce motifs for the individual mono-to hexanucleotide repeats in the whole genomes and both the coding and non-coding DNA sequences of the sequenced Monocotyledoneae and Dicotyledoneae species. Evolutionary Dynamics of Microsatellite Distribution may be Generally Consistent with the Plant Divergence/ Evolution
For the species of same genus, their microsatellite characteristics (e.g., frequency and distribution with respect to motif length, type and repeat number) were highly similar (Figure 2-5 ; Table 1;  Table S1 -3). High similarity was also observed for several characteristics of microsatellites investigated in the EST sequences of three Brassica genus species [45] and in the genomic sequences of two O. sativa subspecies [46] . However, for the species of different genera, families, orders and classes (e.g., Brassica vs. Arabidopsis, Brassicaceae vs. Caricaceae, Brassicales vs Fabales and Monocotyledoneae vs. Dicotyledoneae), the differences in their microsatellite characteristics usually become larger ( Table 2, 3, 5; Table  S2-3C) . Similar results were observed in studies of several characteristics of microsatellites in the UTR/CDS sequences of ten species from the Brassicaceae, Solanaceae and Poaceae families [14] , the genomic/EST sequences of eight species from the Monocotyledoneae and Dicotyledoneae classes [8] , the genomic/CDS sequences of six species from the Monocotyledoneae and Dicotyledoneae classes [9] , and the EST sequences of eleven species from the Angiospermae, Gymnospermae, Bryophyta, Pteridophyta and Chlorophyta phyla [15] . These results indicated that the pattern of microsatellite distribution may be generally accordant with the divergence/ evolution of plants. This is understandable because microsatellites are one of the three major classes of genetic variations and have many important biological functions [1, 2, 4] and increasing evidence has demonstrated that variations in microsatellites may lead to phenotypic variations [47, 48, 49] and adaptive evolution [50, 51] .
Dichotomous Evolutionary Pattern of Microsatellite Distribution in Angiosperms
Interestingly, by comparing these microsatellite characteristics in both the whole genomes and specific genomic regions (such as coding and non-coding sequences) all analyzed angiosperm species naturally diverged into two clearly different groups according to monocot or dicot classification (aside from a few exceptional species).
First, the average frequencies of microsatellites in the whole genomes, the non-coding sequences and especially in the coding sequences of the monocots and dicots were significantly different ( Figure 2 ; Table 1 -2). Compare to the monocots, the average microsatellite frequency of the dicots was slightly higher for the whole genome and the non-coding sequences but much lower for the coding sequences. This indicated that different patterns of selective pressures acted on the microsatellites in the whole genome and both the coding and non-coding sequences of monocots and dicots (i.e., the selective pressures acting on the microsatellites were much higher for the coding sequences and significantly lower for the whole genome and non-coding sequences of dicots versus monocots).
Second, the distributions of microsatellites with respect to motif length in the coding sequences and especially in the non-coding sequences and the whole genomes of the monocots and dicots (except for L. usitatissimum) were clearly different ( Figure 3 ; Table 3 ). Compared to the monocots, the average abundances of microsatellites in the whole genomes and the non-coding sequences of the dicots were greater for mono-to dinucleotide repeats, but less for tri-to hexanucleotide repeats, indicating that shorter motifs may be subjected to stronger selective pressure in monocots than dicots. Theoretically, shorter motifs allow for more potential replication slippage events per unit length of DNA [52] and are thus likely to be more unstable and carry higher mutation rates [53, 54] . Therefore, our results also suggested that the microsatellite mutation rates may be higher in dicots than monocots, which is in accordance with previous experimental estimations of mutation rates in several dicots [52, 55] and monocots [56] . Due to the triplet nature of codons, the trinucleotide repeat was dominant in the coding sequences of all the angiosperm species ( Figure 3 ; Table 3 ). Compared to the monocots, the average abundance of microsatellites in the coding sequences of the dicots was lower for tri-and hexanucleotide repeats but higher for the other four types of microsatellite repeats, which suggested a preference for fewer frame-shift mutations in the microsatellites of monocots than dicots.
Third, the distributions of microsatellites with respect to motif type (especially the dominant/major and absent/scarce motifs) in the whole genomes and both the coding and non-coding sequences of the monocots and dicots (except for L. usitatissimum) were clearly different ( Figure 4 ; Table 4 ; Table S2C ). Although the relative A/ T or C/G contents in the analyzed sequences (Table 1) corresponded well with the nucleotide composition characteristics (rich in A/T or C/G) of the motifs those were dominant/major, absent/scarce (Table 4) or with significantly different abundances between monocots and dicots (Table S2C) or between coding and non-coding sequences (Table S2D) , they are not large enough to explain the variations in the abundances of all types of motifs in all analyzed angiosperm species [8, 9] . For example, the abundance of many motifs exhibited great variation between species with similar A/T or C/G contents (e.g., 228.7-fold difference in the relative abundance of AGCCTC in M. esculenta and M. guttatus), the dominant/major or absent/scarce motifs were generally not fully comprised of A/T or C/G sequences (e.g., AG, AAG, AAAG, AAAAG and AAGAGG were the dominant/major motifs in the coding sequences of dicots), and the practical proportions of the motifs with theoretically equal abundances (e.g., AC and AG) were found to differ across all analyzed angiosperms. Therefore, the different structures and functions of the various motifs [1, 2, 5] , the different selective pressures acting on the specific motifs in different species [9] and/or other unknown mechanisms may also be responsible for the observed variations in motif abundance in plants.
Fourth, the distributions of microsatellites with respect to motif repeat number in the coding sequences and especially in the noncoding sequences and the whole genome of monocots and dicots (except for L. usitatissimum) were also significantly different ( Figure 5 ; Table 5 ; Table S3C ). Compared to the monocots, the abundances of microsatellites in the whole genome and both the coding and non-coding sequences of the dicots were lower for the smaller motif repeat numbers but higher for the larger motif repeat numbers, suggesting that the expansion of repeat motif may be subjected to stronger selective pressure in monocots than dicots. More importantly, the correlation between the above-mentioned microsatellite characteristics in the coding and non-coding sequences of dicots was much lower than that of monocots. This strongly indicates that there are different patterns of selection pressures acting on microsatellites in the coding and non-coding sequences of monocots and dicots (i.e., the selection pressures acting on microsatellites in the coding and non-coding sequences are more similar in monocots than they are in dicots).
Taken together, these significant differences in so many microsatellite characteristics may imply a dichotomous evolutionary pattern of microsatellite distribution in angiosperms because their typical representatives, monocots and dicots, diverged from a common ancestor approximately 200 MYA [22] . Further investigation is required to determine which pattern is more or equally advantageous for evolution. However, it should be noted that certain microsatellite characteristics of a few analyzed angiosperms did not correspond to their phylogenetic classification (e.g., the distribution of microsatellites with respect to motif length in the whole genome/non-coding sequences of the dicot species L. usitatissimum was more similar to that of monocots, whereas the ratio of microsatellite frequency in the non-coding and coding sequences of this species was between that observed for monocots and dicots), which strongly indicated the complexity of the evolutionary pattern of microsatellite distribution.
Constant Microsatellite Characteristics in Plant Evolution
The current investigation also revealed several constant microsatellite characteristics in plant evolution, as the observed high level of consistency among all the species investigated in this and other studies [8, 9, 14, 15, 25, 45, 57, 58, 59] was not likely a chance event. First, trinucleotide repeat microsatellites were dominant in coding sequences ( Figure 3 ; Table 3 ), which is undoubtedly caused by the triplet nature of codons [4] . Second, microsatellite abundance decreased as the motif length, motif repeat number, and repeat length (i.e., motif length 6motif repeat number) increased (Table S3D) , which may be explained by longer repeats having higher mutation rates and the potential to produce instability [60] . Third, the microsatellite frequency and distribution with respect to length, type and repeat number of motifs seemed to be more conservative in the coding than noncoding sequences (Figure 2-5 ; Table S1-3B), which is likely caused by the functional importance of coding DNA sequences. Fourth, microsatellite frequency was high at both terminals and low in/ near the middle of each chromosome (Figure 6 ), which likely corresponds to the telomeric and peri-centromeric regions, respectively [61] . In addition, the general trend of the genomic distribution of microsatellites was basically accordant with that of genes but contrary with that of TEs ( Figure 6 ; Table 6 ), which is in agreement with previous findings showing that microsatellites are preferentially associated with non-repetitive DNA sequences/ genes in plant genomes [2, 25] . It should be noted that all of these constant microsatellite distribution characteristics (such as the dominance of trinucleotide repeat in the coding sequences) can be explained by the general biological rules (such as the triplet nature of codon).
Materials and Methods
Genome Sequences of the Sequenced Brassica and Other Angiosperm Species
Based on cooperative efforts from several institutes, including our own, the genomes of Brassica rapa cultivar Chiifu-401-42 [16] , Brassica oleracea cultivar O212 (submitted) and Brassica napus cultivar Zhongshuang no.11 (our unpublished data) were sequenced using Illumina GA II technology, and high-quality sequence reads were assembled using stringent parameters (http://www.brassica.info/ resource/sequencing.php). To study the evolutionary dynamics of microsatellites distribution in plants, the genome sequences of other sequenced angiosperm species were downloaded from the Phytozome (http://www.phytozome.net) and Cogepedia (http:// genomevolution.org/wiki/index.php/Sequenced_plant_genomes) websites, from which the phylogenetic trees of these sequenced plants were also obtained. The detailed classification grades of the sequenced Brassica and other angiosperm species were identified by the NCBI Taxonomy Browser (http://www.ncbi.nlm.nih.gov/ Taxonomy/taxonomyhome.html).
Identification of Microsatellites
PERL5 script MIcroSAtellite (http://pgrc.ipk-gatersleben.de/ misa/) [62] was used to identify perfect microsatellites in the whole genome and both the coding and non-coding DNA sequences of the sequenced Brassica and other angiosperm species. To identify the presence of microsatellites, only 1-to 6-nucleotide motifs were considered because microsatellites with longer motifs are very scarce. The criteria for microsatellite selection were as follows: mononucleotide, $12 repeats; dinucleotide, $6 repeats; trinucleotide, $4 repeats; and tetra-to hexanucleotide, $3 repeats.
Statistical Analysis
The correlation analysis was performed using the SAS PROC CORR procedure incorporated in the SAS v8.0 software package [63] . The Excel statistical function CHISQ.TEST was used to obtain the significance level (P x2-test ) of the degree of fit for the practical and hypothetical distributions of microsatellites as well as genes and TEs in the assembled pseudochromosomes. The Excel statistical function T.TEST was used to obtain the significance level (P t-test ) of the differences in microsatellite frequency and abundance between the coding and non-coding sequences and between different genera, families, orders or classes.
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